The pyruvate oxidation system which we found many years ago in Lactobacillus delbrueckii (Bacillus acidificans longissimus, Lafar)l presented a singular case of coupling between oxidation and phosphorylation. In this system, pyruvate was oxidized by a TPP-FAD* enzyme yielding acetyl phosphate and CO2 as products. The reaction was strictly dependent on the presence of inorganic phosphate. More recently, the system was studied with a purified enzyme in the hope of better analyzing the mechanism of the coupling. The purification and some of the characteristics of the purified system were reported.2 It proved difficult to obtain large enough amounts of purified enzyme to carry out a detailed study of the reaction between the TPP-FAD protein, pyruvate, and phosphate. Nevertheless, the limited amounts of enzyme which were available permitted some preliminary experiments, a report on which has been delayed because we hoped to improve on these observations. The present brief report is partly prompted by the work of Das et al.3 on a formation of acetyl phosphate in the oxidation of pyruvate with the E. coli enzyme if ferricyanide was used as the hydrogen acceptor. In their reaction between pyruvate, TPP-enzyme, and ferricyanide, acetate is ordinarily formed. They found, however, that on addition of phosphate, part of the pyruvate is converted into acetyl phosphate rather than acetate. The phosphate acts here as a trap for the activated acetate. This is interpreted by the Reed group, in extension of the work by Krampitz et al.4' 5 and by Breslow et al., ', I to indicate that a reactive acetyl-TPP is the primary product of the reaction. Before going into details of this interpretation, we should like to present the data obtained with the L. delbrueckii enzyme.
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Methods. The enzyme was purified in the manner previously described.2 The preparation used had a specific activity of 750 units per mg using the unit defined in the previous paper. Assuming a mole of FAD per mole of enzyme and a molecular weight of about 100,000, this preparation was approximately 30 per cent pure. The phosphate-free enzyme was prepared by dialyzing for 5 hours against 10 volumes of 0.9 per cent potassium chloride, followed by four absorptions with Dowex-1 acetate. A recording photometer was used, which was designed and built by Dr. John D. Gregory and which has been described in a previous publication.8 The cuvette (1 cm light path) contained 1 ml of enzyme and 1 ml of 0.1 N acetate buffer, pH 6 . Nitrogen, freed of oxygen by passing over hot copper filings, was bubbled through for 10 Minutes the additions were mixed in very rapidly. The additions were contained in 0.1 ml and were injected into the cell with a syringe. The enzyme solution was bright yellow and the change of absorption of the FAD component was followed at 450 mA, the absorption peak shown in the curve for a similar enzyme presented in the previous coimnunication.2
Results.-We were primarily interested in finding out if the reduction of the FAD was tightly coupled with phosphorylation. It became clear immediately that no reduction occurred on addition of pyruvate alone. As appears from Figure 1 , t the addition of pyruvate caused a dip in the curve, due only to dilution, while afterwards the curve stayed level. When 1 Mmole or more of phosphate was added, however, a reduction of FAD occurred, with a slight delay, and became rapidly complete with all enzyme-bound FAD, 0.025 jsmole, being reduced. Here, phosphate was in large excess compared to the amount of FAD present in the enzyme.
When lower concentrations of phosphate were usesd, some interesting features of the phosphate effect appeared. If, for example, 0.01 jemole of phosphate, i.e., less than enzyme-bound FAD, were added, no effect could be seen even after a long wait. With 0.05 umole, twice the amount of enzyme-bound FAD. a slow Figure 1 . At zero time, 50 ;&moles of potassium pyruvate were added to all three cuvettes. The following additions were made as indicated on the figures. The dips in the curves immediately after additions are due to a dilution effect. reduction appeared after an induction period of a little over a minute. This is shown in Figure 2 , which also includes a curve with 0.1 ,4mole of phosphate showing a little shorter induction and a more rapid reduction. At lower concentration levels, amounts of FAD were reduced nearly, but not strictly proportional to the phosphate concentration, and reduction was incomplete. The data for different amounts of phosphate are assembled in Table 1 , and it may be seen that the amount of FAD reduced is always only a fraction of the phosphate added. As has been shown previously in the case of the L. delbrueckii system,2 no sulfhydryl compounds, neither lipoic acid nor CoA, are implicated; in this case, FAD is the immediate hydrogen acceptor. We are inclined to interpret these results as an integrated reaction between TPP, pyruvate, and FAD, with the pyruvate not being oxidized if phosphate is not present to accept the active acetyl. In the presence of phosphate one has to assume a rigidly coupled three-step reaction (1) the formation of hydroxyethyl-TPP;4 5' 9 (2) dehydrogenation to acetyl-TPP; and (3) transacylation to phosphate.
Our present experiments do not permit us to decide definitely if decarboxylation of pyruvate is coupled to a presence of phosphate. The briefly reported dependence of acetoin condensation on phosphate with the L. delbrueckii enzyme,10 using pyruvate + aldehyde or aldehyde alone as a substrate, may indicate a phosphatelinked decarboxylation. The second step, the oxidation of the hydroxyethyl-TPP to the acetyl-TPP is, however, surely phosphate-linked. The need for excess of phosphate to complete the reduction of FAD, and the induction period after phosphate addition may indicate a sluggish, although reversible binding of phosphate to the enzyme. The most interesting phenomenon is the absolute phosphate requirement for reduction of the enzyme-bound FAD. This observation indicates that hydrogen transfer and phosphate transacylation from hydroxyethyl-TPP are interdependent. This obligatory coupling of oxidation with phosphorylation distinguishes the system in L. delbrueckii from the system recently described by Das et al.3 in E. coli, mentioned above. In their case, the ferricyanide also oxidizes the aldehyde-TPP addition product to the acetyl compound, but most of the acetate is hydrolyzed and only in the presence of larger amounts of phosphate is a relatively small part trapped as acetyl phosphate. As was reported in our previous communication, ferricyanide may also be used as hydrogen acceptor with our enzyme, but coupling to phosphorylation is equally tight and stoichiometric amounts of acetyl phosphate are formed.
The need of an excess of phosphate for FAD reduction is difficult to interpret with the few data available. On the whole, the system seems to have common features with the oxidative phosphorylation system in mitochondria where a possible binding of phosphate to riboflavin in the process was proposed by Low et al." There is, however, no need in our case to invoke a binding of phosphate to FAD. Rather, some push-pull reaction suggests itself as an interpretation, with FAD pulling hydrogen off the hydroxyethyl-TPP while at the same time phosphate is attracted to the C-2-linked carbon to displace TPP. A phosphorolysis of acetyl-TPP is indicated by the results of Das et al.,3 but the obligatory linking of phosphorolysis to hydrogen transfer in our case requires a special construction of the enzyme. It presents a rather unusual coupling situation. * We have reported recently that a variety of growth effects attributed previously to the toxicity of deuterium are caused not by the rare isotope per se but rather by the unusual mixture of isotopes within the organisms when they are transferred from one isotopic environment to another.1 This conclusion was based on our observation of anomalous growth effects produced in E. coli when organisms grown in either D20 or in H2018 were transferred into H20. Organisms fully adapted to either of the rare isotopes when transferred to the abundant isotopes exhibited the same growth effects-both kinetic and morphological-which previous investigators had observed in organisms grown in H20 when transferred to D20.
It appeared likely that the aberrant growth effects in such transitions from one isotopic milieu to another are but the visible summation of disturbances in the synchrony of reactions within the cell when enzymes and substrates of dissimilar isotopic species interact. We therefore undertook a study of the kinetics of enzyme action of a deuteriated enzyme with a normal substrate. There have been studies of the reverse-of reactions between normal enzymes and deuterium-containing substrates. Several investigators have measured the relative rates of oxidation of succinate and deuterio-succinate by the enzyme succinic dehydrogenase2-4 both in H20 and D20. Erlenmeyer et al. 2 first showed that succinic dehydrogenase of beef heart oxidized deuterio-succinate in H20 at a lower rate than normal succinate under the same conditions. Thomson and Klipfel4 obtained similar results with succinic dehydrogenase of rat kidney and beef heart. In general, the reduction of the rate of oxidation of deuterio-succinate is ascribed to a primary isotope effect. If the rate-determining step of the reaction is the breaking of a C-H bond, the substitution of deuterium for hydrogen will result in a lower reaction rate
